The trans-activating response DNA-binding protein 43 (TDP-43) is a transcriptional repressor and splicing factor. TDP-43 is normally mostly in the nucleus, although it shuttles to the cytoplasm. Mutations in TDP-43 are one cause of familial amyotrophic lateral sclerosis (ALS). In neurons of these patients, TDP-43 forms cytoplasmic aggregates. In addition, wild-type TDP-43 is also frequently found in neuronal cytoplasmic aggregates in patients with neurodegenerative diseases not caused by TDP-43 mutations.
Communication
The trans-activating response DNA-binding protein 43 (TDP-43) is a nucleic acid binding protein that functions as a transcriptional repressor, splicing factor and in translational regulation. TDP-43 is normally found mostly in the nucleus, although it shuttles between the nucleus and the cytoplasm. Mutations in TARDBP, the gene encoding TDP-43, are one cause of familial amyotrophic lateral sclerosis (ALS) and frontotemporal dementia (FTD). In neurons of these patients, TDP-43 is no longer found in the nucleus, but instead forms cytoplasmic aggregates. In addition, wild-type TDP-43 is also frequently found in cytoplasmic aggregates in neurons of patients with other neurodegenerative diseases or with ALS/FTD not caused by TDP-43 mutations 1; 2; 3; 4 .
How TDP-43 aggregates are associated with toxicity is the subject of intense research. Evidence links TDP-43 toxicity with both inhibition of the ubiquitin proteasome system 5 , and inhibition of lysosome and endosomal activity 6; 7 . Also, several studies find that TDP-43 alters mitochondrial function 8; 9; 10; 11; 12; 13; 14; 15 . Overexpression of TDP-43 in a number of model organisms causes neurodegeneration similar to that seen in ALS patients. In motor neurons of TDP-43 transgenic mice, mitochondria were found in cytoplasmic inclusions or in abnormal juxta-nuclear aggregates and were missing in motor axon termini 9; 10; 11 . In mammalian neuron-like cell culture, TDP-43 localized to mitochondria and caused mitophagy 12 .
Likewise, in a mouse model, TDP-43 co-localization with motor neuron mitochondria was enhanced by TDP-43 ALS mutations and this co-localization was associated with inhibited mitochondrial function 13; 14 .
Also, overexpressed TDP-43 in human cell culture binds to, and inhibits maturation of, mitochondrial RNA causing a phenotype similar to that seen in cells deficient in mitochondrial RNase P 15 . Finally, mutations in the mitochondrial intermembrane protein, CHCHD10 (yeast homolog MIX17) have recently been associated with sporadic and familial ALS and FDT 16; 17; 18; 19; 20; 21; 22 and functional CHCHD10 appears to help keep TDP-43 in the nucleus away from mitochondria 23 .
There is also evidence that TDP-43 expression in yeast causes mitochondrion-dependent apoptosis and that TDP-43 toxicity requires respiratory capacity 8 . TDP-43 expressed in yeast causes toxicity and forms cytoplasmic aggregates 24 . Furthermore, conserved genetic modifiers of this toxicity have been validated in higher organisms and have led to the discovery of human ALS genetic risk factors 25 . This confirms the usefulness of the yeast model.
To examine the effect of respiration on TDP-43 toxicity we used the fact that yeast turns off respiration in dextrose media where it instead uses glycolysis to grow 26 . We found that TDP-43-GFP expressed with a TET promoter aggregated in yeast cells whether grown on dextrose, where respiration is inhibited; galactose, where respiration is not inhibited and both fermentation and respiration is present 26 ; or glycerol or ethanol where only respiration and not fermentation is present. However, the TET controlled TDP-43 was only toxic on galactose, glycerol or ethanol where respiration is present. Also, the previously described TDP-43 aggregation and induction of cell elongation 5 was much more pronounced on media with respiration (galactose and glycerol) vs. media without respiration (dextrose) ( Fig. 1ab ). Despite this, there was no significant difference in the level of soluble TDP-43 found in boiled lysates of dextrose vs. galactose or glycerol grown cells ( Fig. 1c ). To test if the difference in sensitivity to TDP-43 was caused by the slower cell division rate in galactose vs. dextrose, we compared the toxicity in cells grown on dextrose at room temperature with cells grown on galactose at 30⁰C. Although cells grew at approximately the same rate under these two conditions, TDP-43 toxicity was pronounced on galactose but not dextrose plates ( Supplementary Fig. 1 ).
One explanation could be that TDP-43 only inhibits respiration, which only affects growth when cells are respiring. Alternatively, respiration could be required for TDP-43 to be toxic, e.g. by modifying the TDP-43 protein. Indeed, oxidative stress has been shown to increase disulfide cross-linking, acetylation, and aggregation of TDP-43 in mammalian cells 27 . Furthermore, oxidative stress has been proposed to promote acetylation of TDP-43, causing reduced binding of TDP-43 to RNA and increased levels of cytoplasmic, phosphorylated, aggregated TDP-43 28 .
However, we eliminated both of the above hypotheses because we were able to detect TDP-43 toxicity in the absence of respiration on dextrose by expressing TDP-43-YFP with the strong CUP1 promoter 29; 30 .
To do this, we obtained an array of integrants of a plasmid expressing CUP1-TDP43-YFP in [PIN + ] 74D-694. As expected, due to differences in the number of tandem plasmid repeats present 31 , different integrants showed different levels of toxicity (high, medium and low). The more toxic integrants clearly showed toxicity on dextrose ( Supplementary Fig. 2 There was also no obvious difference in the appearance of TDP-43 aggregates ( Fig. 2d ). As we reported previously 5 TDP-43 is more toxic in the presence of the [PIN + ] prion. This was clear when cells were grown on dextrose or galactose ( Fig. 2a ), but the effect of [PIN + ] on TDP-43 toxicity in cells grown on glycerol was minor and not reproducible (not shown). Since the [rho 0 ] cells can never respire and the [RHO + ] cells do not respire on dextrose, this clearly establishes that there is a TDP-43 toxicity target in yeast distinct from respiration and that respiration is not required for this TDP-43 toxicity.
To test the idea that increased levels of reactive oxygen species associated with respiration could be the cause of the observed increase in TDP-43 toxicity in the presence of respiration, we looked at the effects . This was true in both [RHO + ] or [rho 0 ] cells. We also observed a dramatic increase in the size of TDP-43 aggregates in cells treated with H 2 O 2 (Fig. 3b ), and this was not due to an increase in the cellular level of TDP-43 ( Fig. 3c ). Possibly, this was caused by free radical oxygen stress, which has been shown to cause an increase in protein aggregation 33; 34 . Also, we saw reduced toxicity of cells in the presence of the antioxidant NAC and this was quite dramatic in the presence of TDP-43 ( Fig. 4ab) . However, the level of TDP-43 in cells was dramatically reduced in the presence of NAC (Figs. 3c and 4c). If NAC directly reduced expression of TDP-43 that would explain the reduced toxicity. Likewise if NAC inhibited aggregation of TDP-43, the unaggregated TDP-43 would be expected to be rapidly degraded again explaining reduced toxicity.
The prevalence of TDP-43 aggregation in patients with a variety of neurodegenerative diseases makes it critical to understand how this is associated with toxicity. Our data shows that toxicity is enhanced in the presence of respiration, but that TDP-43 remains toxic even in the absence of respiration. This is consistent with the hypothesis that TDP-43 targets the same cellular components in the presence or absence of respiration, and that the reactive oxygen species produced by respiration either activates TDP-43 to become more toxic or makes the same TDP-43 targets more vulnerable. 30⁰C for the number of days indicated prior to being photographed. Supplementary Fig. 2 . CUP1 controlled TDP-43-YFP integrants show differences in toxicity. Cells of different [PIN + ] integrants were normalized and spotted on plasmid selective dextrose plates containing 0, 50, and 250 µM CuSO 4 as shown. Integrants were scored as having low, medium and high toxicity.
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